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Abstract 

We look for asymmetries in the angular distributions of events from recent data on e"^ + e~ p+ 
p + 7 from BABAR collaboration. From first principles, as the C-invariance of the electromagnetic 
interaction and the crossing symmetry, the presence of two-photon exchange would create a forward 
backward asymmetry in the data. The analysis of the available data shows no asymmetry, within 
an error of 2%. This result is consistent with a structureless model for the proton, based on 
a calculation of e+ + e~ — > ^i^ + fi~ + 7 with a proper replacement of the muon mass. As 
no systematic deviations are seen, we can conclude that these data do not give any hint of the 
presence of the two photon contribution, in all the considered kinematical range. 
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The hadron structure is preferentially investigated using electromagnetic probes, assum- 
ing that the interaction occurs through one photon exchange. The formalism of elastic, 
inelastic, polarized or unpolarized processes can be established in a transparent form, which 
involves explicitly the parametrization of the nucleon charge and magnetic distributions. 
However long ago, l| it was pointed out that at large momentum transfer, the mechanism 
of two (or more) photon exchange can become important, in particular when the momentum 
is equally shared among the two photons. Recently this issue has been discussed as a possible 
explanation for the discrepancy among experimental data, in case of electron deuteron 2j 
and electron proton elastic scattering [3| . As a model independent calculation is not feasible 
in case of hadronic targets, experimental evidence of such mechanism would be extremely 
important. If present, care should be taken in the analysis of different processes, and new, 
more complicated procedures and experiments would be unavoidable to extract information 
on the hadron structure. 

Model independent information on the presence of two photon exchange can be found in 
the angular distribution of the annihilation process 

e+(p+) + e"(p_) ^ p{pi) +p{p2)- (1) 
In case of one photon exchange, the differential cross section for the case of unpolarized 

n 

particles, is written as [5[: 



with 



-D, t = {p++p^y, (2) 



D= {1 + cos' e)\GM\ +- sin' OIGeW t 



t 



T ' ' 4M2' 
where M is the proton mass, 6 is the angle between the momenta of the electron and the 
detected nucleon, in the + p + p reaction center of mass frame (CMS), \/t = 2E is 
the total CMS energy, E is the incident energy. The even character of the distribution ([2]) 
is driven by the one-photon exchange mechanism. Two photon exchange would induce odd 
terms in cos 6. This is a model independent property of two photon exchange that has been 
proved in Ref. [2], and more recently in j^. 

Let us recall the arguments here. Assuming one-photon exchange, the conservation of 
the total angular momentum J' allows one value: J' = 1, and the quantum numbers of the 



2 



photon: = 1 , C = — 1. The selection rules with respect to the C and P-invariance 
allow two states for e+e^ (and pp): 

^ = 1, £ = and 5 = 1, £ = 2 with = 1", (3) 

where S is the total spin and i is the orbital angular momentum. As a result the 6- 
dependence of the cross section for + e~ ^ p + p, in the one-photon exchange mechanism 
is: 

-^{e^ + e- ^ p + p) a{t) +b{t)cos'^9, (4) 

where a{t) and b(t) are definite quadratic contributions of GEpit) and Gupit), a(t), b(t) > 
at t > 4M2. 

Such relation is equivalent in the space-like region, to the statement that the one-photon 
mechanism generates a linear cot^^e/2 dependence of the Rosenbluth differential cross sec- 
tion for elastic eA^-scattering {6e is the electron scattering angle in Lab system). 

Let us consider now the cos ^-dependence of the I7 {S> 27-interference contribution to the 
differential cross section of e"^ + e~ — > p + p. The spin and parity of the 27-states are not 
fixed, in general, but only a positive value of C-parity, C(27) = +1, is allowed. An infinite 
number of states with different quantum numbers can contribute, and their relative role is 
determined by the dynamics of the process 7* + 7* — > p + p, with both virtual photons. 

But the cos 6'-dependence of the contribution to the differential cross section for the 
I7 27-interference can be predicted on the basis of its C-odd nature: 

(e+ + e~ ^p + p) = cos9[co{t) + ci{t) cos'^ 9 + C2{t) cos'^ 9 + ...], (5) 

where Cj(t), i = 0, 1, .. are real coefficients, which are functions of t, only. This odd cos^- 
dependence is essentially different from the even cos 6'-dependence of the cross section for 
the one photon approximation, Eq. (jl]). 

Looking for C-odd contributions to experimental angular distributions for reaction ([T]), 
is therefore a model independent way to have a clear signal of the two photon mechanism. 

Due to the luminosity, no data on angular distributions for reaction ([T]) are available with 
sufficient statistics. But recently it has been shown [7i] that the emission of an initial photon 
in the process 

e+ + e" ^ p + p + 7 (6) 
can also give useful information on nucleon form factors. 
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The angular distributions, have been pubhshed in Ref. [3], for different ranges of the 
invariant mass of the pp pair, Mpp. Such distributions have been built with the help of a 
Monte Carlo (MC) simulation, which takes into account the properties of the detection and 
allows to subtract the background. The emission of an additional photon in the initial state 
induces a 'deformation' of the angular distribution of the final hadron, which is function of 
the angle of the photon and can be calculated in frame of QED. In the limit <^ t, the 
angular distribution for the reaction ([1]) can be parametrized as 
dN 



dcos6 



A 



Hm (cos 9, Mpp) + 



Ge 



G 



M 



He{cos9, Mpp, 



(7) 



where A is an overall normalization factor, Hm,e is a function, calculated with the help of 
MC. 

Two different procedures have been applied in order to study the effect of radiative cor- 
rections: higher order radiative corrections have been calculated according to Ref. [10] and 
next-to-leading order radiative corrections in the initial state have been calculated accord- 
ing to Ref. ill], and applied as a radiative correction factor to the mass spectrum. The 
consistency of the procedure has been checked at the level of percent. 

Let us discuss the size and the origin of other possible radiative corrections, particularly 
of C-odd nature, which could contribute to an eventual asymmetry in the data. 

Other odd contributions to the reaction ([T]), with respect to cos 6', may arise due to Z- 
boson exchange and C — odd interference of radiative amplitudes (including the emission of 
virtual and real photons). For moderate to large energies, but smaller than the Z-boson 
mass, -s/i/Mz ^ 1, the Z— boson exchange can be neglected. Its contribution can be 
evaluated of the order of Az ~ {t/MzYa^aa ~ 10^^ where and are the vector and 
axial coupling constant of the Z boson with the electron. 

Let us define the asymmetry as: 

da , , do , , 
A{c) = ^ ^ , c = cos 6. (8) 

Contributions arising from the initial state emission are canceled in leading logarithmic 

approximation (LLA) in the numerator, but they are enhanced in the denominator. We can 

write, in terms of structure functions: 

da , , da , , r , , , , ( a 

— (c)±— (-c)~ j dxiV{xuL)V{x2,L)dx2(l + -K 



[daBip~xi,p+X2, c) ± daB{p-Xi,p+X2, -c)] 



(9) 



where Xi and X2 are the energy fractions carried by the electron and the positron after 



emission of col 
given in Ref. 



inear photons. In case of e"*"e~ /^^/^~; this formula has been explicitly 
|. We can consider this calculation as a model for reaction (1), when a muon 
is a structureless proton. 

One can write, for the Born cross section: 



(10) 



The emission of initial photon induces a shift in the kinematical invariants relevant to the 
process. The shifted cross section can be written as: 



da 



B 



{XiP_,X2P+) 



2a^ xjil - cY + xlil + c) 



2a' 



F{xi,X2,c). 



(11) 



^ ' t [xi + X2 — c{xi — X2)]^ t 

Due to the property F{xi, X2, c) = F{x2, Xi, — c), which holds in LLA, the numerator of ([H]) 
is identically zero, neglecting the non leading contributions which are included in the K 
factor. 

The non- leading contributions were calculated in Ref. 9|]. Taking into account the 
emission of soft photons with energy u < AE <^ Vt/2. For initial state radiation, one finds: 



da da 

dn^""' dn^ 



-c) 



, dao 

' dn 



l + _ _i_2(L-l)l„_ + - 



In 



t 



:i2) 



m is the electron mass. The polarization of vacuum should be included, but does not 
contribute to the asymmetry, as it cancels in the ratio ([8]). Typical value of such corrections 
is of the order of 2% for quasi elastic annihilation (Fig. [1]). The largest contribution to the 
asymmetry is represented by a factor which depends on the soft photon energy AE: 



A'°f\E) ~ — ( In 



2a 



In- 



E 



TT 



l+(3c 

1 - pc AE 



(13) 



where (3 is the CMS proton velocity, (3 = yl — AM'^/t. The C-odd soft contribution is 
shown in Fig. [H (solid line) as well as the energy dependent term f|T3l) (dashed line) and 
their difference (dash-dotted line), for t=4 GeV^ and AE / E = 0.05. The difference is 
especially instructive, because the energy dependent factor is compensated by hard photon 
emission, with energy u > AE . The hard contribution to the asymmetry A'^"'^'^ is explicitely 



calculated in Ref. 



M]. Therefore we can expect a total contribution to the asymmetry 



2a 



71 



^{c,(3), \A'°'\ < 2% 





A±/\A 




N 


1.877 - 1.900 


-0.004 ±0.053 


0.75 


5 


1.920 - 2.025 


-0.025 ±0.053 


0.78 


5 


2.025 - 2.100 


0.095 ± 0.054 


0.17 


5 


2.100 - 2.200 


0.011 ± 0.048 


1.01 


5 


2.200 - 2.400 


-0.016 ±0.056 


0.84 


5 


2.400 - 3.000 


-0.020 ±0.061 


0.68 


5 


Average 


0.01 ±0.02 


0.67 
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TABLE I: Result of the fits for the forward backward asymmetry for different ranges of Mpp. 

where ip{c, j3) is a compUcated function of c and (3 with the following properties \ip{c, /?)| ~ 1 
and with odd character with respect to c jsl. 

Radiative corrections have been calculated in Ref. [9|] for electron and positron annihi- 
lation into two muons taking into account hard and soft photon emission, for asymptotic 
conditions, i.e. /3 ~ 1. Such kinematics represents an upper limit for the case under consid- 
eration. 

On the basis of this discussion, we can expect a total contribution from radiative correc- 
tions to the angular asymmetry not exceeding 2%. In principle radiative corrections have 
been applied to the data, therefore part or all of the asymmetry arising by soft and hard 
photon emission should be already accounted for in the differential cross section. 

For each cos^ bin, for each invariant mass interval, we calculate here the asymmetry 
defined as in Eq. ([8]). By definition, ^(cos^^ = 0) vanishes. 

The dependence of the asymmetry as a function of cos^ is rather flat and can be fitted 
by a constant. The experimental values as well as the results of the fit for the different bins 
of Mpp are shown in Fig. [2] and in Table 1, together with the and the available number 
of points. The asymmetry is always compatible with zero and the typical error is ~ 5%. 
As no systematic effect over Mpp appears, one can calculate the average for all the available 
range. The final average A = 0.01 ± 0.02 is illustrated in Fig. [3l 

One can conclude that the data do not show evidence for the presence of the two photon 
contribution at the level of their precision. This analysis is conceptually equivalent to the 
search of non linearities in the Rosenbluth fit which was done for elastic ep scattering in 
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Ref. [13], also with negative result. Two photon contribution is expected to become larger 
when the momentum transfer increases. Its study in the kinematical range covered by the 
present experiments requires more precise and dedicated measurements. 
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FIG. 1: Asymmetry due to soft photon emission from [8], for s=4 GeV^ : total contribution (solid 
line), energy dependent term calculated for /S.E / E = 0.05 (dashed line), energy dependent term 
subtracted (dash-dotted line). 
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FIG. 2: Forward backward asymmetry for 5 different cos^ bins as a function of cos^, and for 
different ranges of t. 
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FIG. 3: Average forward backward asymmetry as a function of Mpp. 
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